Abstract. We examine factors controlling the photochemical oxidation of SO2 in tropospheric aerosols using a gas-aqueous photochemical model. Over a range of liquid water contents (3x10 -4g H20 m -3 to 9 g H20 m -3) and pH values (0 to 8), we find that H202(aq) and O3(aq) provide the major sinks for SO2 in the aqueous phase when pH is held constant at below 5 and larger than 6, respectively. OH(aq) may be an important oxidant of SO2 in the aqueous phase when pH is held constant between 5 and 6 and H2 02 is depleted in an air parcel. When pH is allowed to vary during the integration, H202(aq) is the most important oxidant in the aqueous phase. O3(aq) is important primarily when the liquid water content is large (> 1 g m -3 ) and the solution pH is above 4.0 3 (aq) is also important when the pH is initially high (> 6) for quickly oxidizing SO2 and, thereby, reducing the pH into the pH region where H202(aq) is the most important oxidant. OH(aq) may be important when H20 2 is depleted and the liquid water content is large. When aerosols are present during noncloudy. days in summer, the aqueous-phase oxidation of SO2 is insignificant compared with the gas-phase oxidation of SO2. We find, however, that the SO2 oxidation in wet aerosols may be enhanced in winter or when the temperature is low (273 K) and the relative humidity is high. Uncertainties in the reaction rate coefficients may significantly affect the concentrations of oxidants and other compounds of photochemical origin. Using a relatively stringent criterion, a compressed gas-aqueous phase chemical mechanism for photochemical oxidation of SO2 is proposed for global tropospheric modeling.
Introduction
Atmospheric sulfate is environmentally important. It is a component of acid rain, which is harmful to crops, plants, and freshwater reservoirs. It is also a component of tropospheric aerosols, which affect Earth's radiation budget. In the stratosphere, sulfate aerosols often serve as nuclei for polar stratospheric cloud particles.
Oxidation of sulfur dioxide is the most important anthropogenic source of sulfate in the free troposphere. This oxidation is relatively slow in the gas phase (-1 day lifetime), but more rapid in the aqueous phase. The speed of aqueous oxidation depends on pH, liquid water content, and the availability of oxidants [Pandis and Seinfeld, 1989; Gurciullo and Pandis, 1997] . In a cloud, oxidation of sulfur dioxide occurs predominantly in the aqueous phase [Chameides and Davis, 1982; Wang and Chang, 1993] owing to the presence of a sufficiently high liquid water content. The contribution of aqueous-phase formation of sulfate in clouds to the total sulfate production in the troposphere is, however, limited by the relatively small total volume of cloud water in the troposphere [Liang and Jacob, 1997] . Unlike clouds, aerosols are ubiquitous in the troposphere. The liquid water content of an aerosol plume, even in polluted air, is about 1000 times smaller than that of a cloud. As a result, processing of sulfur i per kilogram of water, or m hereafter) and the charge number of ion i, respectively. At relatively low ionic strength (I < 0.1 m) when the Davies [1938] equation is applicable, we explicitly calculate the concentration constants of equilibrium and gas-aqueous flux reactions from corresponding activity constants by using relevant activity coefficients of involved ions. The activity coefficient (y) of ion i is calculated with -1ogmyi = A z, 2 l+x/iwhere zi denotes the charge of ion i, A = 0.509 (T/298.15) 1'5, and b is an empirical parameter with the value chosen to be 0.3 here [Davies, 1938] . For kinetic reactions involving ions, we apply the Debye-Huckel-Bronsted-Davies equation [Bao and Barker, 1996 ] to correct for ionic effects on both reactants and transition- At relatively high ionic strength (6 m > I > 0.1 m), such as when the liquid water content and/or pH is low, we calculate mean mixed activity coefficients for ion pairs in equilibrium reactions using Bromley's [1973] method as described by Jacobson et al. [1996] and Jacobson [1999] . We present the formulation for calculating mean mixed activity coefficients in Appendix A. For kinetic and gas-aqueous flux reactions involving ions, we estimate activity coefficients of individual ions using Pitzer's [1991] equations with necessary parameters taken from Rosenblatt [1981] and Pitzer [1991] . Because of the dearth of parameters and their expected insignificance, the interactions between ions with like charges were omitted in the calculation. The formulas for calculating ionic activity coefficients using Pitzer's equations are shown in Appendix B. Activity coefficients of formic-and acetic-acid ions are calculated following Partanen [1996] , which is valid for ionic strengths up to 2 m. When the ionic strength is larger than 2 m at liquid water content of 3x10-4g m -3, we use the values at the upper limit of the valid range for formic-and acetic-acid ions. Assumptions have to be made for ions and ion pairs without relevant measurements. Ions present in significant concentrations in our model include H +, NH], SO]-, HSO2, HSOj, SO•-, and NOj. Following the method described by Rosenblatt [1981] , we assumed that the activity coefficient of NO• is that of NOj, and Oj is that of C1-. Activity coefficients of HSOj, HOCH2SOj, HSO•, SO•, and SO• were assumed to be that of HSO2, and that of SO•-was assumed to be that of SO42-. We conducted sensitivity tests to check the effect of a factor of 2 difference in the estimated activity coefficients for the minor ions and discuss the results in section 3. The upper limit of ionic strength (6 m) in the model is chosen so that Pitzer's theory is applicable.
The concentration of relatively inert electrolytes in aerosols available for incorporation into the aqueous phase may vary considerably, depending on the sources of aerosols. In the free troposphere, however, NH•, NO•, and SO•-are important components of aerosols ]. We assume a uniform concentration, for the total concentration of inert electrolytes in aerosols, equivalent to about l x10-Sg m -3 NH4NO3 on the basis of contribution to ionic strength. Charge balance is maintained in the model by varying the concentration of ammonium or nitrate. The contribution of inert electrolytes in aerosols to ionic strength is significant when liquid water content is small. For example, when the liquid water content is 3x 10-4g m -3, the ionic strength contributed from inert electrolytes is about 0.3 m.
Photolysis Coefficients
We calculate photolysis coefficients over the UV and visible radiation spectra using a six-stream radiative-transfer model described by Logan et al. [1981] , with overall line resolution of -5 nm, and -0.26 nm for the Shumann-Runge band. For the calculation of radiative transfer, we separate the atmosphere into 55 vertical layers with -1 km resolution in the troposphere and-2 km above the tropopause. We use climatological vertical profiles of 03 and temperature as in previous studies. A light-absorbing aerosol is included with an optical depth of 0.1 at 310 nm varying inversely with wavelength ].
Numerical Method
We solve gas and aqueous chemistry with a Newton-Raphson iterative method that uses sparse-matrix techniques. In order to include sparse-matrix techniques, we translate the original formula [e.g., Press et al., 1992] where C and R denote vectors of concentrations and corresponding reaction rates, respectively. 1 denotes a unit matrix. The subscripts 0, n, and n+l denote the beginning of a time step, the n-th iteration and the (n+l)-th iteration, respectively. The subscripts p and I denote production and loss, respectively. Equation ( To allow for aqueous dissociation and phase equilibrium, we calculate the Jacobian (3b) analytically and solve simultaneous differential equations of independent variables (Table 1) resulting from (3). For those species involved in an aqueous dissociation or phase equilibrium, we define a new independent variable in (3) and exclude those species (hereafter termed family members of the new independent variable) from (3). We give an example below to illustrate how to complete an iteration for the new independent variable dealing with gas-aqueous phase equilibrium. The concentration of the new independent variable CT is defined as the sum of the gas-phase concentration (Cg) and the The Rp and R• in (3) for Cx is calculated by summing up the Rp , and R l for Cg and Ca, respectively. The Jacobian for Cx is calculated by substituting Cg and Ca with CT in relevant terms using (4c) and (4d), respectively. Hence Cx is calculated directly from (3) at each iteration. We then extract Cg and C a by using (4c) and (4d). The same procedure is applicable also to aqueous dissociation.
Simulations
We list in Table 2 the simulations conducted for this study and their initial conditions. The purpose of the simulations was to estimate the effects of liquid water content, pH, temperature, and radiation on sulfate production in the gas and aqueous phases. For each type of simulation, the concentrations of NOx (NO + in the simulation, which is the uncertainty of the oxidation of S(IV) by H202(aq). A sensitivity test with a 50% coefficient of variation for aqueous-phase reactions was also conducted, since many aqueous reactions may have significantly larger uncertainties in rate coefficients. Two sensitivity tests were conducted to check the effect of a factor of 2 difference in the estimated activity coefficients for the minor ions.
Formation of Sulfate in Wet Aerosols
In this section, we investigate factors controlling the formation of aqueous-phase sulfate. Formation of sulfate in the aqueous phase originates from the oxidation of S(IV) by H202(aq), O3(aq), CH3OOH(aq), and OH(aq). All the above reactions are sensitive to pH, liquid water content, temperature, and radiation. 
Relative Importance of Aqueous-Phase Oxidants
The relative importance of primary oxidants (H 202(aq), O3(aq), OH(aq), and CH3OOH(aq)) for the formation of aqueous-phase sulfate is shown in Figures 2-4 for the initial pH range of 0 to 8 and the liquid water content range of 3x10-4g m -3 to 9 g m -3. As shown in Figure 2 when the pH was kept constant, H202(aq) and O3(aq) dominated sulfate production at pH < 5 and pH _> 6, respectively, over almost all ranges of liquid water content. At 5 _< pH < 6, OH(aq) may be important for the formation of sulfate when initial SO2 is higher than H202. When initial To evaluate the relative contributions of sulfate production from gas and aqueous phases under various conditions, we show, in Figure 5 , the ratio of the amount of sulfate produced in the aqueous phase to that produced in the gas phase over the pH-(liquid water content or LWC) plane for the constant pH case. 
H202 is higher than SO2, the oxidation of S(IV) by OH(aq) is negligible except when HCHO is high and photochemistry is strong (figures not shown). The oxidation of S(IV) by CH3OOH(aq) was insignificant in all cases.

the gas phase. The ratio of the aqueous-phase to gas-phase formation of sulfate is reduced in cloudy conditions at high initial pH owing to the self-inhibition of the oxidation of S(IV) by
O3(aq) [Seinfeld and Pandis, 1998 ].
Effects of Uncertainties in Chemical Rate
Coefficients on Concentrations hydrogen peroxide. This increase is particularly large (20-80%) in the high-SO2 case when the initial SO2 is higher than initial H20 2 (Figure 7a ). We conducted a sensitivity test assuming a 50% uncertainty in the rate coefficients of aqueous-phase reactions that we previously assumed had a 20% uncertainty in Figure 7 . The resulting concentration uncertainty slightly changed for sulfate but almost doubled for hydrogen peroxide in the cloud case (Figure 8) . The effects were small on ozone, PAN, formaldehyde, methylperoxide, and acetaldehyde. We also conducted a sensitivity test assuming a 100% uncertainty in the photolysis rates. We found that increasing the uncertainty in photolysis reactions increases concentration uncertainties for ozone, hydrogen peroxide, and aldehydes but has small effects on those for sulfate and PAN. Table 2 , except the compressed simulations. The remaining reactions forming the SO2 oxidation mechanism are given in Table 3 . The compressed reaction mechanism accounts for 95% of the chemical production and loss rates for the species important for SO2 oxidation but contains just over 100 reactions. The method used for compressing the chemical mechanism has been used by authors in the combustion kinetics community [e.g., Susnow et al., 1997] . Figure 9 shows the differences between the growth curves of sulfate, ozone, and hydrogen peroxide from the simulations using the full mechanism and those from the simulations using the compressed mechanism. It is shown that the differences are negligible in the noncloudy case. In the cloudy case the differences are a little larger, but within 10% for sulfate in most situations. Figure 10 shows the percentage differences of the total sulfate produced between the simulations using the full mechanism and those using the compressed mechanism. It is shown that the differences are within 5% in the noncloudy case and within 10% in the cloudy case. When compounds containing more than one 
